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REPORT No. 919

ACCURACY OF AIRSPEED lMEASUREMENTS AND FLIGHT CALIBRATION
By WILSERB. HUSTON

PROCEDURES

*
SUMMARY

The cources of error that may enter into the measurementof
airspeed by ln”tof-stattimethods are retiewed in detail together
un”thmethod8 of $ight cali.bratwn of air8peect installations.
Spew-alattention is gioen to the problem of accurate meaeure-
menle of aw8peed under conditions of high 8peed and rnuneu-
cerability reguired of militui-yairplanes.

me aixuracy of air$peedmeasurement?%6?&u88edas hh&?G?
by error8 in each oj the quantities that is direetly measured in

$ight, Etiting data on the errors at the total- and static-
pressure opening8 a880ciateduith the geo?net?y of pitot-staiic?
tube8 are wnnmarized, jollowed by charts and a guuhlatice
description of the error8caused by operation m-thin the pressure

field of the airfoil. TM errors introduced at the measuring end
of the system due to lug in pressure franwniseion are rem-ewed
and 8ome new matm”al on this subject is included alimg with
methods and charts formaking appropriate lag corrections to
airs-peedmeasurements.

A brief discussion is g+henof the magniitie and type of error
introduced by the mechanical and elastic charactmietic8of th
conventionalair8peedindicator and altimeter. i%mdarmaterial
is gt”wn for tgp”cal A?ACA pressure-recording in&ruments.
Since knowledge of true aimpeed i8 dependent upon a tempera-
ture measurement, exiding material on the accuraoy un”th
which temperature ean be measuredwith various types of probe8
ti 8ummafized and discussed. Methods used by the Aratianal
A&isory Committeejor Aeronuutic8 in jli.ght calibrations of
air8peed and temperature installations are outlined.

27Mpresent report has been arrangedin such a way that each
section may be read independently of the others. An attempt
ha8 been made to consider all ~actor8 that limit the accuracy
un”thwhich airspeed may be determined by the uwal pitot-
shzticmethods.

INTRODUCTION

Accurate determination of ~Mach number and true airspeed
is of fundamental importance in the flight testing of aircraft.
AMough the increasing demand for greater speed, altitude,
and maneuverability has brought about refinements in
measuring technique, the differential pressure indicator or
recorder connected to sourcm of totaI and static pressure
remains the standard means of measuring airspeed up to a
Mach number of about 0.95.

The determination of Mach number and true airspeed by
means of pitot-static arrangements is limited in accuracy by
errors which may be separated into the following five broad
cakgories:

(1) Errors associated with the geometry of the pitot-
static tube

(2) Errors induced by the fieId of flow about the airfoil
(3) Errors caused by Iag in the tubing which connects

the pitot-static tube with the indicating or record-
ing mechanism

(4) Errors due to the indicating or recording mechanism
(5) Errors in the determination of free-air temperature

The purposes of the present report are to bring together
~om many different papers the resuIts of investigations of
these errors and to present this information in a form suitable
for convenient use. The published results of these inw&iga-
tions have been combined with unpublished resiks obtained
at the Langley MemoriaI Aeronautical Laboratory of the
A~ACA in such a manner as to be useful to those who phm
airspeed instrument ation and interpret data obtained in
flight. Each section is independent of the others and may,
therefore, be read separately.

Special attention has been given to the mnbgnitude or im-
portance of the various errors and to methods of correcting
them. Cognizance has been taken of those conditions under
which rat-es of change of speed or altitude are high suoh as
maneuvers required of some military airplanes.

The supplementary tables required in detemuining Mach
number, the speed of sound, and the properties of the US.
standard atmosphere are given in reference 10.

& extensive bibliography covering alI materiaI mwiewed
and judged to be of interest, with the exception of senral
valuable British papers of limited distribution, has been
prepared.

SYMBOLS

A area, feetg
—

a speed of sound in dry air, feet per second
an speed of sound in moist air, feet per second
B volume coefficient of elasticity, equation (20), feets

per pound -—

c capacitance of a container defined by equ~tion (18),
feet’/(lb/ft2)
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airplane lift coefficient
airfoiI chord, feet
airfoil section @t coefficient
specific heats at constant priis sure..an.d vol{lme,

respectively, Btu per pound ‘F
diameter, feet
ratio of partial pressure of water vapor in atnlos-

phere to static pressure
acc.elerat ion due to gravity (32.1740 ft/sec2 for

U.S. standard atmosphere]’ -
total pressure, pounds per foot2
absolute altitude, feet; surface heat-transfer coeffi-

cient, Btu/(see) (ft2) (°F) ‘-
pressure altitude, feet
impact ori&c diameter, feet
temperature recovery factor clefincd by equa-

tion (4G); pitot-static-tube calibration factor
thermal conductivity, Btu/(see) (ft’) (Ol?/ft)
hmgth, feet; constant, equation (47)
equivalent mass, (slugs/f t3)/foot
Mach number (V/a)
load factor; constant, equation (47)
Prandtl number (c,pg/k)
static pressure, pounds per foot2 or inches of water
sea-level pressure in standard atmosphere (2116,229

lb/ft2 or 407.2 in. water)
dynamic pressure, pounds per foota

impact pressure, di.fkence between total pressure
and static pressure, pounds per foot?

compression ratio

p RgT; resist~ce toconstant in perfect gas law ~=

fluid ffow defined by equation (17), pound-seconds
per foot!

Reynolds number (’l~p/P)
temperature of free stream, ‘F absolute
temperature at sea leveI in. stanclard atmosphere,

518.4°1? absolute or 59°F
theoretical temperature of a flat plate, ‘F absolute
total temperature defined by equation (43), ‘F

absolute
time, seconds
volume, feet?
volume of elastic container with no load, feet3
true airspeed, feet per second
indicated airspeed, feet per second
wing loading, pounds per foott2
distance ””between static OJ.MCWand nose, collar,

and stem, respectively, in diameters of pitot-
static tube

angIe of attack
ratio of specific heats, taken as 1.4 for air in stand-

ard tables (cP/c,)

A error in a quantity (indicate.d value minus true
value)

AP~ error in pressure due to lng
e ‘dive angle, measured from horizontal, dcgrccs
h lag constant, seconds
h= lag constant of totu.1-pressure syst.cm, seconds
h, lag constant of static-pressure system, seconds

P coefficient of viscosity, slugs per foot-second
v kinematic viscosity, feet’ pcr second @/p)

P“” density, slugs per foot3

Po “sea-level density of dry air in stu ndard at rnospherc
(0.002378 shg~ft’]

acoustic lag due to finite sjced of sound, soconda
;

local angle of flow reIative to airfoil chord, dcgrccs

‘Superscripts and subscripts:
f measured or indicated quantity
o .._sea-level conditions in t.hc U.S. standard atmos-

phere
a aneroid capsule
c instrument case
c?’ critical
d difference
e equivalent
oh observed
r reference airplane
t connecting tubing

PRECISION OF AIRSPEED MEASUREMENTS

In this section the general equations am given relating
Mach number and airspeed to the directly “measurable quan-
tities, itatic pressure, impact pressure, and indicated free-air
temperature. h investigation is made of tlw error in M,
T, and T’ (see list of symlJols for definitions) result.iug from
an error in the pertinent measurements. The eflccts of
humidity are evaluated and shown to be small. -

Total or pitot pressure as developed at the pitot orifico of
a pitot-stat,ic tube is the sum of two compormnts: free-stream
static pressure and impact pressure.. The relationship IJc-
tween the total pressure, the true free-strcnm static ”prcsmrc,
and the speed of flow is given in the following equation which
is based. on the Bernoulli relation for adiabatic compressible
flow :

H= fl.+p

( )

*
7—I 312=p 1+~ (1)

where M<l and the speed is exprexised-in tiime of Mach
number

ili=~ --- @)
a

and

a= YWP

= +Rg f (3)
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These relationships show that Much number can be derived
from two measurable quantities: the static pressure p and
the dtierential or impact. pressure q.. The pressures maybe
measured either by instruments calibrated in units such as
inches of water which are convenient for measuring pressure
directly or by flight instruments calibrated in miles per hour
and feet of pressure altitude together with suitable computers,
charts, or tables. (See references 5,7, and 10.)

If the value 1.4 is used for ~, equations (1) and (3) are
especially convenient. for the routine analysis of flight data.
Equation (1) can be reduced to

“’=m=Fl (4)

A tabular e.spression of equations (3) and (4) is given in
reference 10. By use of such t.ables the compression ratio

%/Pyields If dir@Iy. The tne airspeed ~“ can be derived
from measured values of the air temperature and Mach
number; the dynamic pressure q can be obtained from the
relation

Pressure or pressure clifTerence is seldom determined in
flight research -with an over-all precision greater than that
corresponding to &O.5 inch of water. In the measurement
of static pressure p a precision of ~ 0.5 inch of water repre-
sents an error of ody 0.5/400 or 0.125 percent at low alti-
tudes; whereas the error is 2 percent at 65,000 feet. l?or
vahws of qc obtained at low speeds, such as those encountered
in stall testing, a precision of &0.5 inch of rater represents
a large error, which may often be improved, however, by
special instrumentation. For large values of g. obtained at
high speeds, the error is smaLler although clependent on
altitude.

In phot-static insta~ations the total pressure H is usually
developed to a high degree of accuracy. h error in the
differential pressure Aq, usually exists because of Ap, an error
in the stat it-pressure system; thus, the precision with which
static pressure is developed is a limitiqg factor in the accuracy
vrith which d~erential pressure is lmown and is a critical
factor in Mach number determination.

PEECIBIONOFMACH iWMBER

Mach number errors am customarily expressed in any of

the following forms: AA1 (which equak lil’ —.h.f), #J or

4M
100 ~. The effect of errorsin qe,p, and~on the magnitudes

of both AM and &14/M through large ranges of Mach num-
ber and aItitude is Wustrated in figure 1, based on the result
of Mlerentiating equation (4): ,

dM_M’+ 5 q.
(-+1)-’(%%’)r–m p (6)

Io
8

6

.040 4

-$
c1

30?052

8$
& .
L.olo &o
4
~.(M9k.Q

&06k.6
g

wch number, M

(a) fior h g. ond p Of0.5 Inch M w8b3r.
(b) Error in H, q+ mdp ofl percenf,.

FIOUP.EL—M&chnumber error mrreipondtng to various e+’roraIn presure mensnremenr..
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In figure..l (a) the effect is shown of an error Ag~ of 0.5
inch of water which ~xists because of an equivalent error,
Ap= —0.5 inch of water, in the static-pressure system.
The curves of this figure are based on the following equation,
‘which can be obtained from equation (6) when the measure-
ment of H is considered exact and thus dq,= —dp:

AM A@+ 5
z=- ‘~”

~+b Ap..7 F.. (6a)

The curves have not been extended beyond a “stall line”
which is arbitrarily based on the assumption that the Mach

number for stall at any altitude is given by M,galz=O.l
Figure I (a) shows that except at very high altitudes or at
low Mach numbers a precision either of +1 percent or of
+0.01 in the Mach number is achieved if an error of only
+0.5 inch of water exists in q. and p. Errors inherent in
the measurement process itself, however, may introduce
inaccuracies which materia.lly increase the value of +0.5 inch
of water.

The precision of M corresponding to a l-percent value of
pressure defect is given in figure 1 (b). A pressure defect
as used in this paper is the pressure error expressed in non-
dimensional form, as Ap/~, Ap/&, and so forth. The curves
for AH/qe (p, exact) and Ap/qc (H, exa@ are useful in the
interpretation of calibration curves of pitot-etatic tubes.
The curve for Aq,/p (H, exact) represents an error in qc
which exists because of l-percent erro~ in p. In order to
determine. the effect on M of errors in static pressure alone

(
Q=o.ol; q.,
P )

exact , the curve for AH/qC maybe used since

a l-percent error in either the numerator or the denominator
of the compression ratio qJp results in the same magnitude
of error in U.

Figures 1 (a) and 1 (b) can be used to determine the error
in M for other conditions since AM and AM/hdare directly
proportional to the error in H, p, or q.. They may aleo be
used to estimate the precision necessary in pressure measure-
ment to achieve a desired minimum error in M.

PRECIS1ON OF TEMPERATURE

The temperature of the free air 2’ is not” indicated by a
thermometer moving at speed M relative to the free stream
but-must be computed from the relation

T= “ -
1+7+ Kh12A

where the temperature recovery factor K may have a value
varying between 0.3 and 1.0 for different installations. The
value of T used in equation (3) may, therefore, be in error
because of limitations in the precision with which the values

of T’, K, and M may be determined. Baswl on a value of
7=1.4, thiserror may be expressed by the root-mean-square
of the contributing errore:

In many instalkAions, the mtlue of K may not h known
with a precision greater than * 10 pmcent. AL h hwh
numb em less than 0.3 although Ah4/M is as largc ss +10
percent, T may easily be determined with a precision greater
than + L percent. As M approaches 1, however, in order
to achieve an accuracy in T of + 1 percent whm M is known
tc- + I percent, T’ must be known with a precision grmi.vr
than +1 percent and K, with a precision greater than &5
percent. For high-speed aircraft, esplwidly those for
navigational or research purposes, therefore, a therrnornctcr
installation with an accurately known value of rccovcry
factor is essential.

PRECISION OF TREE AIRSPEED

From equations (2) and (3), the roohmenn-squnrc error
in true airspeed may be expressed as

$+’GFGW (8)

In order to obtain the” true airspeed to within an accurncy
of. 1 percent, the errors must be less than 1 percent for ilf
and less than 2 percent for T, as indicatwl by cquatiou (8}.

At low speeds, at w~ich ~ ~T is usually much less thou

A.nl
~, the precision of V is ahnost entirely dcpcndcnt cm the

value of AM, and A~7=700 &ll (where V is given in mph).
The precision acceptable for V varies v~tl the purpose

of the rneasurementa. Although nirspccd indicators mny
be graduated in l-mile-per-hour units and Mach munbms
nre often given to three significant figures, precision as high
as such numbers indicate is contingent upon the ability to
maintain or improve the accuracy of *0.5 inch of water in
pressure measurements.

EFFECT OF HUMIDITY

Values of ill and V computed by means of the tables or
formulas for M and a are usually based on dry air and 7= 1.4.
These values of M me accurate within 0.1 pcrccnt and for
V within 0.4 percent at temperatures of 68° F or less. . In
warm summer weather under conditions of high humidity,
requirements of high precision may indicutc the need for a
humidity correction. Since moist air is less denm ~han dry
air at the same temperature and pressure, complct u correc-
tion i.nvokzes not only a change in the value of M as deter-
mined by equation (4) but aIso a correction for both 7 und
density in determining the speed of sound from equation (3).
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The variation of 7 with atmospheric conditions is given
in the folIoting table furnished by the hTational Bureau of
Standards. (See reference 8.)

ti$”ti”i

Since 1.39<T< 1.41, a simple linear correction can be
appfied to dues of -31 derived from equation (4). The
variation of M with 7 for a range of gJp is shown in the fol-
lowing table, in which the change in ill is ordy approximately
%0.3 percent for a change of +0.01 in 7.

gdp

0.01
.10
.XJ
.4”
.ea
.s3

‘v-1.39

0. llw
.am
.5163
.7123
Xl&

MECJInumber I

=-k---l

The speed of sound amin moist air of temperature T and
partial vapor pressure e maybe computed from the speed of
sound a in dry air of the same temperature as given k
standard tables in reference 10 (or by use of equation (3)
with ~= 1.4) by the following formula based on ordinary
thermodynamic considerations:

a“=~e’=a,= “)

The aforementioned data indicate that for dry air the
standard tables give values of .11 that are slightly too large;
whereas vaIues of a are smaIl in almost exact.ly the same pro-
portion, the net error being less than 0.02 percent. For
ftiy saturated air above freezing, -mlues of both .M and a
are too small when computed from the standard tabks.
The resultant error in V is 0.4 percent at 68° F, although it
increases to 1.4 percent at 104° F. Under most conditions
in the temperature range of the standard atmosphere, there-
fore, no improvement in the precision of airspeed measure-
ment in flight is gained by correcting for the eflects of
humidity.

CHARACTERISTICS OF TOTAL- AND
STATIC-PRESSURE HEADS

In this section the discussion is limited to the isolated
pitot+tatic device, unaffected by the interference effects of
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fuselage or wing which maybe present in a practical instal-
lation. The results of tests of a number of diflerent pitot-
static tubes are used to show the influence of the geometry
of the head, angle of attack, Mach number, Reynolds num-
her, turbulence, and drain holes on the development of total
and static pressures. Calibration curves of standard pitot-
static tubes me included.

TOTAL-PRESSURE HEADS

b accordance with the Bernoulli relation, the total-pres-
sure H in the impact orifice of a pitot-static or total-pressure
tube at a given airspeed is not aflected by small cha~mes in
the local velocity due to the presence of the tube itself or of
the airplane provided that the direction of flow is parallel
to the asis of the head. Potential flow, free from circulation
losses, is thus implied together with the further assumption
that as the air comes to rest compression takes pIace adiabati-
cally without sensible heat transfer.

The results of reference 22 indicate that when the axis of
the head is parallel to the flow direction the value of H is
given correctly by equation (1) for vahw.s of M as laze as
0.995. Results contained in reference 1 indicate that for
vahw.s of impact oritice- diameter i ranging from 5 inches to
0.0097 inch and for smalI tubes at low velocity (ReynoMs
number greater than 30) His independent of ofice diameter
within 0.0002 inch of -water.

Effect of angle of attack, Mach number, and orifice
diameter.-!l?he total-pressure defect (H’ —H)/q. increases
in magnitude as the. angle of attack a increases from zero,
decreases as .34 increases, and decreases as the ratio of impact
orifice diameter to tube diameter @ approaches 1.0. The
magnitude of th=e effects for a tube with a hemispherically
shaped nose is illustrated in figure 2. l?igure 2 (a) was

.
obtained by cross-plotting and extrapolating to ~=0. 125

the data in reference 20 which were obtained at a value of g
of 3 inches of water in an open-jet tunnel (that is, M= O.1).

At a=24° the defect is still zero for~=l.O.

The total-pressure defect for values of a from 0° to 20° in
the region 0.57<34<0.995 is illustrated in @ure 2 (b), which
is derived from reference 22. This tube, a Prandtl-,type
laboratory instrument, has a ratio i/D of 0.3, for which, in
tubes of this type, the variation of total- and static-pressure
errors with angle of attack is such as to give a nearly correct
value of ge For given valuss of i and D if the nose shape is
elongated (for example, sern.dliptiwd or ogival) the elonga-
tion is equivalent to an ef&tive increase in the value of i/D,
and the magnitude. of the total-pressure defect at a given
angle of attack w-Wbe less than is indicated by figure 2.

Investigation of the total-pressure defect for 0.3<M<0.9
and angles of attack up to 180° (reference 24) shows that the
defect (H’–H)/qC increased in magnitude to (approx.) –2.o
at about a= 87° and then decreased for values of a>87°.
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FIGURE2.–Totel-preeenre defect for hemfspherirtd nuw

For applic.atione in which a large change in angle of attack.
of the pitot head is expected and especially for research.
purposes, ‘shielded total-pressure heads, which give zero
total-prw”sime defect up to angles of attack of 35°, arc avail-
abIe (ref.wence 19). For many uses a simpbw form of tubo
would be” suitable; that is, one that makes usc of the small
rate of increase of totd-preaiure clefcct with angle of attack
as i/D approaches 1, as shown in figure !2 (a).

Effect of turbulence.-Reference 15 indicates that the
presence of turlndence in the air stream cfiuscs vrilucs of W.
to .bc less than the true value H. As tur~ulenf.g mny l.w
considered, in part, as a change in the Iocal mglc of flow, the
data of references 15 and 20 indicate that the tot~l-prrssurc
error would decrease with an increase in the ratio ‘i/D.
Although- often important in wind tunnels, such turbuhwco
i9 not a source of error in airspeed measuremcut s....

Effect of drain holes,—The error in total-pressure measure-
ments as: a result” of drain holes depends on tlw size and
location of the holes, References 23 atid 25 show that tl!c
error introduced by such holes can be about X pwwwt at low
speeds and decreases with an increase in spmd.

STATIC-PRESSURE HEADS

The static orifices in the wall of a pitot-sttltic tube do not.,
in generil, develop the. true static pressure at the head loca-
tion because of disturbances associated with the flow over
the head. The error is closely associated with thu dimen-
sions and design of the head, Mach numl.m, angle of attark,
changes in configuration during USC,and Reynolds numlwr.

IHect of dimensions and design,-Theoretical analysis for
incompr~ible flow (reference. 18), confirmed by c.xpmiment
(reference. 14), indicates ~hat, the local static prrssurc is leas
than free-stream pressure for a distance of abo~it 1(1tlhmwtws
back of the nose. Use is often made of the interference of n
supporting stremnline strut or of a collar back of the orifices .
to incre~e the pressure at. the static holes. TIIII strut or
collar is ~fi integral part of the head and is so proportioned
that true static pressure. is more net-irly approachwl. The.
effectiveness of such compensation may vary with lltwh
number, and new designs should always be tested in a wind
tunnel over the maximum Mach number range. for which
they will be used.

Early investigations of the effec~ of dimcmsions (rcfw?nccs.
14, 15, and 20) have becu extended by t.hv British to Mach
numbers “of0.95 and are summarized in figure 3. Fiilrc 3 (a)
shows the prwsure at static orifices located tit m clist-ancg.
XNback of an ogival nose over a range of hiach nurnbm from
0.3 to 0.95. Figure 3 (b) shows the cffccL of n Q-pwcent
co~ar at. a point rc behind the static holes, and figure 3 (c)
shows the effect of placing a mounting stcm of thicknms
Ds= 0.9D at various distances x~ behind the static holw.



ACCURACY OF AIRSPEED MZANIREMENTS AND FLIGHT CURATION PROCEDURES 505

Cross-plotting of the data of &urm 3 (a), 3 (b), and 3 (c)
shows that at constant vahws of M the eflect of oritlce location
relative to both nose and collar varies directly with (l/zN)s
and (l/zC)*, respectively, and the effect of a stem varies
directly with l/zs.

Effect of Mach number and angle of attack.—F&& 3 (d)
and figure 3 (f) illustrate the complexity of the interaction
of changing direction of flow and the effects of high-speed
flow. The pressure increase at Mach numbers larger
thrm 0.8 exhibited by the Prandtl-type tube in figure 3 (d)
is associated with shock due ta flow over the nose (fit
evidenced in schIieren photographs at IM=O.7), but the
drop at iW=O.97 is associated with the fact that the shock
wave moves to a Iocat ion behind the static orifices. Theory
(reference 21) indicates that, by use of the nose shape kuomn
as a Rankine ovoid, the efkts of shock displayed in the
head, the characteristics of which are given in figure 3 (d),
are delayed to Iarger vahms of free-stream Mach number.

Change of static defect with ang~e of attack is in part a
function of the diameter of the static oritlces and of any
interior constrictions which may be built into the stati~
pressure head. Common procedure is to have the static
orifices open into a small settling chamber in which any
turbulence or random changes of equilibrium associated with
flow through the orifices when the direction of f40Tvis not.
parallel to the axis of the head may be neutralized. The
tube for transmitting the static prwmre opens into this
chamber. In such designs, if the static orilices are leas than
0.20 inch in diameter, the energy losses tend to diminish the
static-pressure errors due to the angle of attack. The
orfices of the tube for which curves me plotted in figure 3 (d)
are in the form of a circumferential slot of width O.lD;
whereas the twenty oritices of the tube for which curves are
plotted in figure 3(f) are hoIes of 0.025-inch diameter. For
service tub= exposed to spray, circumferential slots are often
used since their larger dimension reduces the tension for
rupture of any watm flhna that form.

Unless the static ofices are symmetrically placed and at
least eight in number, the static-pressure error will vary with
the plane of the inclined flow (reference 20). For a static-
pressure head with the static orifices concentrated on the
upper and 10WW surfaces, the static-pressure error is sub-
stantially constant over a range of pitch of +7.4° but ia not
constant for an equiva.knt range of yaw.

When airspeed is measured under laboratory conditions
under which the angle of attack of the head can be controlled,
calibration curves such as am shown in figure 3 are of use
but in flight they do not dispense with the necessity of making
a flight calibration when the angl= of attack and yaw and
body interference eflects are not known. The use of free-
swiveling static heads dow not eLiminate the necessity of
calibrating for interference effects.

Effect of small changes in configuration,-The tube must
be smooth and free from burrs in the vicinity of the static
orifices. For two tubes of the same manufacture which
differed only in that some of the mettd plate near the static “”
oriiices of one had been ~tripped, the tests of reference 23
indicate a change in static defect from 4 percent to 2 per-
cent (a 2:1 ratio) over the entire speed range. Small chgqges
in con@gu.rat,ion which may occur during use can, therefore,
have a marked effect on the calibration of a static-pressure
head.

Eilect of Reynolds number.-Teai% (refereuce 17) have
shown that a Reynolds number greater than 2300 (when the
linear dimension is the diameter of the static head) is essential
if the measured static pressure ia not to be subject to scale
tiects. This fact is shown in figure 3 (e) where the cross-
hatched area represents the region of scatter in the valuw of

...—

static defect apparently associated with some instability of
flow. In @gure 3 (e) the data as given in reference 17 for
tube calibration factor K, which equak gJ# have bee~

------

p!–-p K-–-l
replotted by means of the relation —=— The vari-

g -K-
ation of static defect with Reynolds number indicates a lower
limit at high altitude for the diameter of static heads and
rakes for wake surveys.

w SEEVICE PITOT-STATIC TUBES

With commercially available pitokstatic tubes, differential
or impact pressure could be measured with great accuracy if
interference eilecta of the airphme and lag and instrument
errors were not present. Pressure defects obtained in cali-
brations at zero angle of attack of two standard pitot~tatic
tubea (reference 23) are given in figure 4. In figure 4 the
total-piesure defect is entirely due to the drain holes.

The defects at other angks of attack can be expected to
vary from those given in figure 4. Since these tubes have
ratios i\D of about 0.3, the defect in H would be negligible
(less than X percent) for angles of attack up to at least 6° or
8°. Since the nose shapes are eIongated, the total-pressure
defect at greater angjes of attack would undoubtedly be
smaller than the data for hemispherical nom wouId indicate
(Q. 2), but published detailed calibrations are lacking.
Errors in totaJ pressure can be expected with these heada,
however, when used in a leadingdge position.

Uniform Matic defect over a wide range of .Mach number
results from the addition of a collar or h that compensates
for the negative defect associated with flow over the nose;
the resultant positive static defect amounts to 2 or 3 per&nt
of g,. Although this defect cmdd introduce an error of I to
1.5 percent in Mach number, the corrections described in
the section entitled “Flight Calibration of Airspeed and
Temperature Installations” allow for it.

—

90&i885=SZ8a
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THE FIELD OF FLOW AROUT AN AIRFOIL

The accuracy required in each of several measured quan-
t.iti~ in order to achieve a specified accuracy in airspeed has
been discussed. This discussion was follo-ived by a summary
of the available material on the deviations in pressure meas-
urement to be expected from the isolated total- or static-
prwsure head. In the folIowing section the field of flow
about an airfoil is discussed and available data me sum-
marized in order that. qualitative estimates may be made of
tha errors from this cause that must be expected and allowecl
for w-hen pitot-static devices are attached to an airplane.

The direction and velocity of the flow about an airfoil
vary, in general, from point. to point with the ahape and
thickness ratio of the airfoil, with the Iift coefficient, and
with the Mach number. As a result of these variations, the
static-pressure error associated with the flow can be expected
to vary; in addition, both static; and total-pressure heads
may be in error because of inclination of the flow with respect
ta the head.

The results of a number of theoretical and experimental
investigations of the flow in the vicinity of airfoils are avail-
able in referent= 26 to 29 and in reference 31. These
results are based on the theory of incompressible flow and
low-speed wind-tunnel tests and are summarized in figures 5
and 6 to which are added unpublished results from an in-
vestigation at the Langley Laboratory of the flow in the
vicinity of a Jonkowski airfoil for a range of values of c1
from 0.2 to 0.8. The data presented in references 26 to 28
in terms of the ratio of the local velocity v to the frce&ream
velocity V and the local direction of flow relative to the wind
direction or tunnel a.xiahave been modiiied in figures 5 and 6
M foIlows :

(a) ValU* of ~=1 –(~~ have been substituted for

the velocity ratio on the velocity contours.
(b) The angle of attack to the nearest degree has

been added to the angle of flow to give the angle f
between the local flow at any point and the airfoil
ohord.
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(c) Some contoum have been omitted for clarity.
Some vqriation is to be expeoted in the value of Ap/g with

Mach number. The results of reference 34 show, however,
that ahead of the wing the variation is small and also that
at a point 1.3c ahead of a 15-percent-thick high-speed airfofl _

section the value of Ap/qc is within the limits of experimental
error for M= 0.8.

LOCATION OF STATIC HEAD

The ideal location for the static head would be one for
which no installation correction is necessary throughout the
f@t range. A good practical location is one with a Small
co~tant installation error. Figures 5 and 6 show that no
such location exists in the under-wing region. It is more
nearly approached for vrings with a convex lower surface,
but the effects of shook, including a Imge increase in static
pressure, have indicated the need for other locations for the
static- and total-pressure orifices. For research testing, a
boom-mounted static head in front of the leading edge of
the wing approaches the characteristics of the ideal locat’io? -
most cIosely. Even with a boom of 1 chord, however, some
variation of local static pressure with c1 may be expected.
Although variations of Ap/q and angle of flow with c1 may
be small and decrease with increasing length of boom, some
control of the static defect is possible by choice of tie vertical
displacement of the static head relative to the chord extension.
If, for mample, a location is chosen -which has zero defect
at a high value of cl, the magnitude of Ap/q increa~ at. a
low value of cl. Since low- vahles of c1 are ordinarily asso-
ciated with high speed and high values of Q the- act~.!.
departure from free-stream static pressure expressed m
inches of water or feet of pressure altitude may be large.
On the other hand, if the static head is located so that

~= O at cl= O, small departures from free-strewp values

r~ult even though Ap/g may increase at larger vahws of cl.
Spuwise ]ocation of the static head is in part determiu~. -

by structural considerations, a location between 0.2 and 0.5
semispa.n inboard of the wing tip usually being chosen.
This choice is based partly on the general requirement that
the measuring head should be so Iocated as to be free of the. ..— —
effects of a source of energy such as the propeller, and on the
fact that the boom can bo shorter when located farther out-
board on a tapered wing. There is evidence in reference 29
that a location ahead of and 0.043 semispan outboard of
the wing tip would also give satisfactory results with a still
shorter boom.

Flight calibration of the airspeed installation is needed
regardless of the location selected for the static head;” li%~
p=~tion of Ap/gC in the field of flow about a wkg k SUOh”.

that this calibration is greatly simplfied, however, if a static
head and its associated mount are used that have an inherent
stat ic-pre-ssure defect (p’ —p)/q. whkh, ifnot zero,k f=en-

tiallysmaIl and constant over the entire range of Mach
number for which they fl be used. Use of such a head
allows more simple and precise extension of airspeed calibr~
tions secured in level flight tO high speed, figh lift, and
high load factor.
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LOCATION OF TOTAL-PRESSURE HEAD I
Total-pressure heads should be located outside a region of

energy change such as the slipstream or wake. For multi-

engined airplanes a location at the nose is satisfactory. An
underwing location is especially suitable when hirge changes
in c1 are encountered since, as shown in figures 5 and 6, the

change in angle of flow at the head is small, The underwing
of a typical high-speed fighter airplane is, however, subject
to shock at high wdues of Mach number and, as shown in
reference 36, the resulting loss of total pressure extends a

—

considerable distance below the wing surface. Although the
head could be placed forward of the shock location, if the
speed of sound is exceeded locally shock occurs at the total-
pressure orifice and the assumption of accllratc total pressure
is no longer justified. Since total-pressure values, when in
eiror, are too small, they wiII tend to cause the indications
of both airspeed and Mach number to be too smuH. Since
the effects of shock on total pressure do not extend upstream,
a location forward of the ]eadillg edge is desirable for any
airfoil for which the local flow velocity exceeds the speed of
sound.
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Large changes in angle of flow maybe encountered in the
region forward of the wing leading edge. Total-pressure
heads for this location must, therefore, be designed for satis-
factory operation at large angles of attack in order to be a
reliable source of total pressure under all conditions of flight.
As shown in figures 5 and 6, at the station O.lc ahead of the
leading edge the change in tingle of flow for a change in c1
from O to 1.0 is of the order of 40° to 50° and decreases to
17° at 0.55c and 13° at 1.OC. The angle of flow relative to
the orifice of a leading-edge total-prmsure head may also be
estimated by the following relation based on the flow around
a flat plate:

l—

(lo)

where ~ is the local angle of flow relative to the chord at a
point L/c chords ahead of the leading edge along the chord
extension, and C!~ may be considered the airplane lift
coef%cient.

LOCATION OF STATIC VEFJTS

For flight research, a suitably located and calibrated static
head is the standard source of free-stream ~tatic pressure.
A frequent~y used auxilia~ or alternate source of static pres-
sure is the static vent (flush static-pressure orifice). A static
vent must be calibrated against a standard source in @ht,
but once a suitable location is found, identical installations
on other airplanes of the. same type usually have the same
calibration. For the convenience of the pilot it is customary
in swvice installations to select a location giving constant
indicated-airspeed error, that is, one for which to a first
approximation

l“~T–AVt=Comtant
j2~q

A promising location for the static vent may often be
found by wind-tunnel tests of a model of a new airplane; the
final location must be selected by triahand-error test in fight.
For conventional airplanes a suitable location is usually
found near the geometric center line of the fusehge, forward
of the leading edge of the horizontal stabilizer a distance
equal to 0.1 to 0.2 of the over-all length of the airplane.
Locations on opposite sides of the fuselage, not necessarily
symmetrica~ because of slipstream effects, should be used if
possible, and the static-pressure line should be connected to
the midpoint of a line connecting both vents. Such a dual-.
vent system is less subject to sidedip and slipstream effects.
Checks should be made for the effect of flaps and for freedom
from the eflects of movable armament. For multiengined
airplanes, a dual-vent system can sometimes be located on
the nose, forward of the propeller plane.

LAG IN PRESSURE-MEASURING SYSTEMS

In addition to the pressure deviations at the pressure-
measuring instrument due to the geometry of the pitot-static
arrangement and interference from neighboring bodies,

errors due to lag may occur. When changing pressurw are
invo@d, both the tite speed of preesure propagation and
the pressure drop associated with flow through the tubing
introduce a lag in pressure at the indicating or recording end
of the measuring s~tem. In some inatancea the error can be .
serious. b dives, for example, lag tends to make the pressure
altitude at any time too huge, whereas the airspeed maybe
made either too large or too small in accordance with the
relative amounts of lag in the total-preesure and static-
preseure systems. Furthermore, airspeed errors thoughout
a dive and pull-out may not always be in the same direction.

As long as lag errors are smaller than the other possible
errors in the instrumentation, recorded or indicated pressure
may be assumed equal to actual pressure in the interpretation
of flight data. On the other hand, in attempts to at Lain
greater altitude, speed, and acceleratio~ lag errora which are
too large to be acceptable maybe encountered.

—

The purposea of this section are: to discuss the errors
which can be introduced by preesme lag, to summarize the
methods for evaluating the lag constant, to establish cri-
terions and methods for minimizing the errora due to lag, and ‘“
to outline a. method for correcting tlight records for the
effects of lag, should that be necessary.

MATHEMATICti THEORY

A generaI mathematical treatment of the response of a
pressure capsule and its connecting tubing to a pressure
change includes simultaneous second+rder partial di.thrential
equations involving the physicaI properties of the air in {he
measuring system, the viscous damping at the walls of the
tubing, and the characteristics of the measuring instrument.
Even when the system is simplified by neglecting the mechan-
ical parts of the titrument, the mathematical treatment
is not simple. In many respects, however, the performance
of a typical airspeed system is similar to that of a clamped
oscillator of one degree of freedom in that there are condi-
tions under -which resonance may take place (system under-
damped) and other conditions under which it is not possible
for resanance to occur (system critically damped or over-
damped). The mathematics of such systems is well-known.
Reference 42, in which a generalized recording instrument
is considered, lists solutions for equations of the type

@p’ dp’ p’ p (t)
m~+.R&~=~ (11)

for typical values of the equivalent mass m, viscous damping
1?, and elastic constant I/C, and for different types of forcing
function p(t). Although such solutions cannot be eady
used to tind the true pressure from the indicated pressure,
they are useful in showing the general nature of the response
of an airspeed system under diilerent operating conditions.

Airspeed systems may be resonant (underdarqped) when
tubing is short and the ahitude low. If buffeting or os@a-
tory pressures are being measured, an underdamped system
will exaggerate the amplitude of the oscillation although
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mean vfllues are usualIy given correctly. Whenever the
value of a steady pressure changes to some other value, a
damped transient oscillation is introduced. Solutions of
equation (11) indicate, however, that for pressures changing
at a constant rato the rate of pressure change is reproduced
correctly after the transient is damped out and the indicated
pressure lags behind tho true pressure by a time dependent
upon the product of R and C for the system.

For most conditions under which aimpeed is measured, the
system is criticality damped or overdamped. In these
instances too, for constant rates of pressure change after the
transient has died out, the indicated pressure lags behind
the true pressure by an amount determined by the product
M Thus in alI cases, for constant rates of pressure change,
the system behaves as if the mass were zero and could be
described by the relation

RC ~+p’=p(t) (12)

The assumption t,hat equation (12) can be applied to an
airspeed system for conditions other than const.a.nt rates of
change Ieads to a simpIe method of correcting pressure data.
This method depends onIy on the indicated pressure p’, the
rate of change of indicated pressure, and the product RC
which is the “lag comta.nt” A,

Another factor which is often important in airspeed meas-
urements may be termed the “acoustic lag” T. A pressure
disturbance at one end of a tube does not reach the other
end until a time has elapsed equal to the length of the tube
divided by the speed of pressure propagation (sound) in the
tube. Thus, in general,

L
T=; ‘“-”” “(13)

A satisfactory approximation for %~-inch inside-diameter
rubber tubing is that a= 1000 feet per-second.

The acoustic lag acts simply as a shift in phase; therefore,
a more generally applicable form of equation (12) is

p(t)=p’(t+r)+h d* - - (14)

Equation (14) states that the true preesure at any time t

isequal to the indicated pressure at the corresponding time
t+r pks the product of A and the rate of change of indicated
preSSure at the tie t~T.

The applicability of the approximations involved in
equation (14) to pressure measurement in flight is illustrated
by an extreme case in @ure 7. The lower solid line is the
recorded pressure p’(t) during a pressure surge of 60 inches
of water per second or a simuIated dive at a rate of 11,000
feet per second from a base pressure altitude of 35,OOOfeet
M recorded by an ~ACA airspeed recorder through 80 feet of
?&inch inside-dimneter rubber tubing. The upper solid
line is the true pressure p(t)as measured @nultaneousIy by
a similar recorder with no tubing. hTote that the indicated-
pressure rise began r seconds after the start of the

Time, sec

Fmmm7.–DifkTImcedue to lag between true mid rewrd.?d pressure end rcsrdt of mnkb
mrredon for leg hy u.w of wuetlon(14).

true-pressure rise. The curve labelcd p’(t+r) represents tho
indicated pressure shifted in phase meconda toward the origin.
The c~rve labeled corrected pressure was ol)t.ahwd by

dp’(t+r)
adding h ~ to p’(t+ r), the valuo of h being deter-

mined by the methods outlined in the section cmtithxl
“Determination of Lag Constant by Experimental Mct]mds.”
The nature of the origiml pressure change lMS been
determined with satisfactory precision from the rccordcd
pressure and a knowledge of the system. If the ucoustic
lag is small, the phase shift reprcse.nted Jy tho dnsld lim
could be omitted and equation (14) bccomcs (as in refer-
ences 40 and 46)

pap’++ (15)

As shown in reference 4(3, equation (12) or (15) cnn bc de-
rived and the lag constant x can be simply computed on ihc
basis of the assumptions that pressure cha.ngcs ttikc phtco
according to the adiabatic law, that the. 13agcn-poiscuillo
1a-ivdescribes the viscous forces (and thus t.hc flow is laminar),
that the distributed resistances and volumes of the system
can be lumped together in a total resistance R and a total
capacitance C, and that m and ~ may be ignored. The fol-
lowing reIations then appIy:

h=RC (16)

32PLR=~. - - “(I7)

Equation (18) applies to rigid containcre and equa-
tion (18a) applies to elastic containcm such M aneroid
capsuIes for which the volume may be tukcn as a linear
function of the pressure:
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The equivalent rigid vohnne-that is, the volume of a
rigid container having the same capacitance as the elastic
container-can be expressed as follows:

t).=va+B~ (19)
Since

(20)

in the Iimiting case, equation (18a) reduces to equation (18)
as B approaches zero.

In the application of reIations for 1? and C to a particular
installation, values of p and p should be used which corr~
spend to the pressure and temperature at which measure-
ments are made. For comparison of pressure-meaauri@
systems it is convenient to use values of p and p correspond-
ing to sea-level conditions in the standard atmosphere, in
which case the lag constant is denoted by h. A consistent
system of unite must be used. Where necessary to dis-
tinguish between dimensions of tubing and aneroid capsule,
the subscripts t and a, respectively, are used and the sub-
script c refers to the air space in the case surrounding tie
capsule.

The constant 7 is included in equations (18), (18a), and
(19) through the assumption that prwsure changes take
place adiabaticaUy. In the absence of experimental data
on the speed of sound in tubing of small diameter, the
isothermal relation—that is, ~= 1 (as used in reference 40)—
which makes use of a diminished speed of sound, can be
assumed to apply to such tubing since the amount of gas next
to the inner surface is a large proportion of the total amount.
With tubing of %-inch inside diameter, unpublished tests
at the Langley Laboratory indicate that the adiabatic
relation more nearly applies for the pressure changes
encountered in airspeed measurement.

For a pressure measuring instrument and the connect~hg
tubing, the general reIation h=RC becomes

(21)

In the development given in reference 40, o~ has been
negIected as being small compared with o=. This solution
leads to an expression in which k varies inveraeIy as the
fourth power of the tubing diameter. Such an expression
does not apply to typical ~ACA recording instruments or
others of small volume or to standard panel instruments with
long connecting tubing.

Substituting LA for u, and oA/A. for a. in equation (21)
results in the following equation for use with airmaft
instruments:

(22)

In the application of equation (22), since w/A has the
dimension length, the instrument volume can be conveniently

mpreesed as v/A feet of equivalent tube length. For instru-
ments of small volume a convenient approximation for
equation (22) is obtained by ignoring the parenthetical part

() v’
of the expression and substituting for La the value L+Z .

(See reference 46.) The value o should be determined by
equation (19) -with allowance for the elasticity of the cap-
sule. Often, as stated in reference 40, no allowance need
be made for elasticity, but for capsules of high setititity
the increase in fiective volume due to the term l?~p may
be large as shown in the folIowing table:

I 1

Values in the foregoing table were computed from equation
(19). The constant B is computed from the capsule diameter
(1’%Sin.) on the assumption that the rated prw.sure corre-
sponding to a deflection of 0.040 inch at the center of the
capsule causes it to expand as a cone. The value 1.2 X10-4 fee~3
for the volume O.is applicable to ~ACA instrument capsules.
For the case surrounding the capsule 0.=7.5 X10-4 feet?.

Values of lag constant at sea leveL-The value of A under
sea-level conditions for a number of instruments and instru-
ment combinations has been plotted in figure 8 as a func-
tion of length of fi~inch inside-diameter tubing. Values
of k for NACA recording instruments are derived from
equation (22) by use of representative values for odA of
1 foot and for nJA of 4 feet for the capsule and case,
rMpectiveIy. VaIues used for the vohune of the siand-
ard panel instruments are as folIowe:

Utie~Kti.&_&__. _-_-. -–-_.. ---_—–_-----——__

, 1 ._
Klxlw

wmI..~ei&_..._._-__---_— ----------- 10
Sta&.Drwnredb. --. ---–--–-. –-–-—-——--–-—.–-

Mach mete+tiepressnre die.-----—_—_-_-—— 1%

Approsimata vaIucs of b for other tube diameters D carLbe
found by multiplying values of b (from fig. 8] by the ratio

()
~ ‘ where the vahe of D is given in inches.

For use in determin@g the acoustic lag r for any length of
tubing, the diagonal straight line has been included in
figure 8. Values of ~ are based on the approximation that
the speed of sound in %~inch insidediameter tubing is
1000 feet per second.
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Although vaIuee of b for a particular insta.llat.ion as
determined from figure 8 may not be directly applicable to
surges when the installation is in m underdamped condition,
they WW be applicable to steady changes of pressure after
the transient oscillation has died out. When the vahe of
b is corrected for the variation of p and p with aItitude, for
most airspeed systems h Z r; thus the system is either
critically damped or overda.mped and this corrected value of
k may’ be applied directly to flight data through use of
equations (14) or (15).

Variation of lag constant with altitude,-Equations (17)
and (18) for 1? and C indicate that Awill increase with increas-
ing altitude (decreasing pressure) and that it will decrease
with decreasing viscosity (decreasing temperature). Most
experimental methods for measuring 1 that simulate different
pr=ure altitudes do not involve changes in temperature.
The relation between values of A obtained under -such
conditions of simulated pressure altitude and the value of h
under standard sea-Ievel conditions can be expr~ed as

For flight conditions the relation is

(23)

(24)

Values of X/b from equations (23) and (24) have been plotted
in figure 9 as functions of pressure altitude for the standard
atmosphere by using VSIUW of viscosity taken from refer-
ence 10.

DETERMINATIONOFLAGCONSTANTBYEXPEBI~ENTAL31ETHODS

Although the Iag constants of a total- or static-pressure
installation may be calculated with satisfactory accuracy
when the geometry of the system and the reference pressure
are known, it is often desirable to determine x by experiment.
Methods are available that depend upon measurements of
the response when an instantaneous pressure change (step
function) of magnitude lApl takes place or when the rate
of pressure change can be cmtroIied. Since x increases
markedIy with altitude, Laboratory tests are best made under
conditions of simulated pressme ahitude corresponding to
the highest altitude at which flight tests will be made.

Iamfnar-flow oondition,-In the measurement of X, the
basic assumption that the flow is hminar should not be
violated. As shown in reference 40 the relation between
pressure drop, Reynolds number, and the dimensions of the
tubing may be expressed as

(25)

Siice laminar flow in a straight tube cannot be assumed for

values of Re much greater than 2000, equation (25) may be
written as a condition for larninar flow:
At sea level,

Y-
AP ~7.23:0-7 (~e &O/ft) . (26a)

At 50,000 feet,

9
‘p ~~ (in. H,o/ft) (26b)

For fl~-inch (0.0156 ft) inside-diameter tubing the require-
ment therefore is that the step function AmZd not exceed
0.19 inch of water per foot of tubing at sea Ievel or 0.8 inch of
water per foot at 50,000 feet.

The limitation e.xpreased in equation (25) can be extended
to an arbitrary pressure variation by using the value of Ap
from equation (15), by making the conservative substitution
of dp/dtfor dp~~dt,and by using the value of h from equation
(22) as follows:

—

Whence, at sea level,

(27)

dp
. ~ S ~ (in. HzO/see) ‘

and for a emaU capsule volume for which ua LA,

(2ib)

Ln the determination of h by methods (2) and (3) of the follow-.
ing section, much higher values of dp/dt than those encoun-
tered in flight may be used without ez~ceeding conditions
for Iaminar flow.

——-.-_.

!l!heoretioal basis for measurement .—Three simple
methods of measuring A are based on the sdut.ion of equation
(15) for diflerent initial conditions and on the assumption
that equation (15) applies exactIy to the particti”ar installa-
tion. ln the measurement of pressure dMerences or elapsed
times it will usually be necessary to allow for T as outlined
in comection with the discussion of figure 7 in the section “”‘-
entitled Wlathemat icd Theory.” The three methods are
as follows:

(1) W%en the applied pressure is changed instantaneously
from p, to pz (step function), the indicated pressure changes
as an e.xponential function of time:

2??+ e-m
2%—PI

or

P’—P1 — 1 ~-;ll (28)
pa–Pi

.-
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‘i’i%en the applied pressure is changed instantaneously, there-
fore, ~ is the number of seconds in -which the difference
between the indicated and applied prewms is reduced to
I/e (0.368) times its initial value.

(2) Solution of equation (15) for a constant rate of change
of pressure (references 40 and 42) shows that, w-hen the
applied pressure has been changing at a constant rate for a
time Iong enough for conditions to become steady, k is the
number of seconds between the time when the appIied pres-
sure attains a given value and the time when the indicated
pressure reaches this value.

(3) Equation (15) provides the basis for a method of deter-
mining X; that is, when the applied pressure is any arbitrary
function of time, k is the difference between appIied and
indicated pressures divided by the rate of change of indicated

pre~”reo=%)”
Any value of lag constant detetied on the basis of the

foregoing methods is applicable for the temperature and
base pressure of the test but should be corrected to sea-leveI
conditions by means of either equation (24) or figure 9 in order
to obtain a value of ~ for use in the anaIysis of fl.@t data.
All the methods are subject to the limitations that the
equivalent mass and acoustic Iag of the system have been
ignored and that equation (15) has been appIied to a system
that is a damped osculatory system. Although usually
justified as a prac.ticaI step in airspeed measurement, the
assumption of the applicability of equation (15) is not valid
for the transient oscillation observed when a. step function
is applied to an uuderdamped system (k<r). Although a
vaIue of lag constant A can be determined from the oscilla-
tion by other methods (see refercmce 42) it would not difkr
greatly from a value obtained from equation (22) or figure 8.
If, for such a system, lag cannot be ignored as a source of
error, either the step function shouId be applied at a pressure
altitude sticiently great to make the system critically
damped or overdamped or method (2) shouId be used.

Procedure for use with indicating instruments,-For the
static line and connected instruments, the lag constant AP
may be determined by appIying a step function @ to the
altimeter system and by timing the change in indicated alti-
tude with a stop watch to l/e (0.368) times the initiaI step
-due. If A7LPis 500 feet, Xr is the time required for a
decrease of 316 feet. Alternatively, if sufficient suction is
a.ppIied at the static ofices to give a reading of 100 miles per
hour at the airspeed indicator, Ar ie the time required for a
decrease to 61 miks per hour, or one-half the time for a
decrease to 37 miles per hour when the suction is suddenIy
released. For a group of instruments connected by short
tubw and then to a common oridce, the volum~ are additive,
and kP determined from any instrument applies to alI.

● \

For the total-pressure system, the lag constant 1= may
SimiIarly be found by applying a pressure to the pitot oriiice
suilicient to give a reading of 100 miIes per hour at the air-
speed indicator and by timing the change in indication as “for
the static Iine. Because of the small volume of the airspeed
ca.pstie, XHordinarily is much lew than AP.

For instrument of small volume with short lines, a step
function large enough to ensure accwte measurements SOW.%_
times cm-mot be applied without violating the ~eynolds num-
ber criterion of equation (26]. h such cases, several difhr-
ent step functions can be used and a plot of A against the size
of the step, when extrapolated to zero stip, gives a usable
restit (reference 47).

Procedure for use with photographic records,—The basic
procedure for dekmiuing x is to apply to the open-end of
the system a lcnown suction, to release it, and to determine
from the film record the time required for the initial difler- __~
ence to fill to l[e (0.368) times its initial value, or one-half
the time to fall to 13 percent of the initial value. The fi
speed should be as high as possible and provision should be
made for placing timing impulses on the record. When nec-
essary, h may be determined for a range of step function,
and extrapolated to zero step.

Use of an arbitrary pressure vmiation for determining h
requires two instruments that may record either on one ~rn
or on separate iilms with simultaneous time records. The
two instruments should be connected to the same so~ce of
pressure variation through a Y-connector. One cotiection,
as short as possible, is assumed to measure the true pressure
at my instant; the other instrument and connecting line
show the effects of both pressure and acoustic lag. Time
historim of the two records give tialues of p, p’, and dp’jdi;
these vtdues substituted in equation (14) or (15) yield values
of k.

CORRECTIONSOFFLIGHTDATAFORLAG

Pressure-altitude and static-pressure measurements,—
During a change of aItitude a time record is secured of p’,
the measured static pressure. The error due to hig ApL in
assuming that p’ is equaI to p, the pressure at the stati”
pressure orillces, maybe written

(29)

Equation (29) shows that the error is directly proportional
to dp’/dt and increases with altitude. In the evaluation of
Apx for the correction of pressure data, the rate of pmsure
change dp’/dt along with p’ is determined from he flight
records. VaIues of l/~ (fig. 9) correspond~ to p’ instead
of to p may usually be used without introducing errors
greater than the uncerkinty in the correction itseIf. Some-
times a method of successive approximations must be used.
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A chart such as figure 10 offers a simpIe method of evaluat-
ing equation (29). The lines that represent the term h/b
in equation (29) have been labeIed with the value of pressure
altitude to which they are applicable.

The error due to lag in static-pressure or pressuredtitude
determination for a particular rate of descent maybe deter-
mined in advance. The basic differential reIation between
pressure and aIt.itude in the atmosphere dp= –Pg dh maybe
written by means of the gas laws in terms of rate of change
as

In terms of sea-Ievel temperature TOaid
ature, equation (30) is equivalent to

(30)

any other temper-

1 dp 1 TOdh TOdh.—. _
p dt RTO~ ~=-3”61.6x 10-’ Y ~ (31)

Substituting vahes of h and dp/dtfrom equations (24) and
(31), respectively, in equation (29) gives

~’–p=1.47x 10-%,0 ~~~ (in. WX (32)

Since PTJmT in the standard atmosphere varies between
1.0 and 1.05, the error in static pressure at any altitude may
be approximated by

p’–p =0.015XP0 ~ (in. ~zo) (33)

where dh/dt will have negative vaIues during a dive.
Since the magnitude of dh/dtfor a @hter airplane rarely

exceeds 800 feet per second during a dive, equation (33) may
be written as

This equation indimtes a maximum value for APOof 0.04 if
the error in static pressure is to be limited to 0.5 inch of water
during very high speed diva.

For standard filtimeters, the error in pressure aItitude is

(34)

Equation (34) indicates that for a constant rate of descent the
error due to lag increases with altitude; for example, the
value at 30,000 feet is 2.8 times as large m the sea-level value
and at 60,000 feet is 11.1 times as large. (See fig. 9.)

Impact-pressure memwrements,—in reference 40 approxi-
mate equations for the effect of Iag on the readings of an air-
speed indicator are developed. These equations show t.haL
the error is a resultant of two terms-a climb term, chiefly a
function of changes of static pressure, and tin acccIcration
term associated with changes in speed. Since precise evalua-
tion of flight data involves the determination of the impact
pressure g, and the static pressure p and, from the ratio Qdp,
the Mach number, a more detaiIed analysis is needed to show
under what conditiom corrections to flight pressure data may
be necessary on account of lag. This anaIysis ako gives a
basis for planning an instrument setup to minimize the
errors due to lag.

Let p denote the static pressure at the static oriEccs, and
Iet Zl=p+qa denote the total pressure. At the differential
pressure recorder a record of q,’ is made for which

q;=~t–p~ (35)

At the same time, the altitude record of p’ is made indc-
pendentIy, usually on thesame film strip or with tin adjacent
altimeter. Applying equation (15) to equation (35) gives

(3i5a)

ATOrecord of H’ is made; but, since ~t any time,

then
E?’=q;+p’

dH ; dq: dp’~=z+.dF

and equation (35a) becomes

qc’=H–p+-?tp +g–kyt’ dq:
‘–hR ‘dt- (35b)

But ~~p=q., the true impact pressure, and ewwpt for cor-
rections due to the flow about the static head which can IN:
made independently, the usual aeswmpt.ion tlmt q,’= qe
therefore” invoIves an error due to Iag

(36)

The pr~sure in the totaI-pressure line is grcahx tl.mn thut ir~
the static line by an amount equivalent tog, or g,’. The lag
constant of the static-pressure system may be csprcssm.1 as
the folIo;ving modification of equation (24):
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For the totaI-presmme system if second-order effects are
dieregarded, the corresponding expression &

(37)

The true impact pressure g, may, therefore, be derived from
flight records by the foIIow-ing relationship involving measur-
able quantities:

The variation of L/& -with pressure aItitude in the standard
atmosphere may be obtained from figure 9.

The rates of pressure change in equation (38) can %a.ex-
preseed in terms of AI, dM/dt, h,, and dhfl/dt, In the result-
ing expression the term conta$ing dM/dt is multiplied by a

factor *j which is approximately equal to 1 at high-

speed and altitude, the condition under which lag is of most
significance. Equation (38) may therefore be expressed as

term term

Equation (39) can be used to find out in advance whether
for any planned maneuver the error in g, due to lag wiII
exceed any specified standard of accuracy.

The ratio XHo~lpois significant in determining the reIative
magnitudes of cLimb and acceleration terms. Equation (39)
shows that in ra~of-climb testing since dM/dt may be
ignored, zero impact-pressure error due to lag may be
achieved by balancing the lines, that is, by increasing ~Eo

until ~= 1. During dive testing, however, balancing the
u.

lines c~ result in huger lag errors than those that werepresent

before balancing. During a dive, $=; at thepeak Mach

n“mb+=”)ti2=’+3achwacterktic0fthetisti-
mentation which may be desirable under some conditions.

The Mach number error J4’-ikf which wouId result from
the evacuation of qJ/p’ for any specified maneuver without
correction for Iag can be computed fmrn equations (39), (33),

and (4). The error in M that would result from the uso of
such uncorrected data is shown in Egurc 11 as tho time his-
tory of AM during a dive to a Mach number of 0.8, a dive
that is representative of the performance of high+pcccl
fighter airpIanea. The error is shown for a static-pressure
system with XPO=0.1 which is representative of pwud-Lype

instruments in airpIanes of fighter size, and for four diflment
vahm d A~o/APowhich range from the. Iimiting minimum of

zero to a maximum of 1.5, the value for which. tho error in

Mach number should be. zero when M= 0.8 and ~~t?= O. Tlio

time histories of Ahd for the dive and recovery show hwgc
chang+_in magnitude and also changes in sign. In general,
if this dive had been performed at a differen~ aIt.itudc, tho
error would have varied approximately inversely with the
static pressure. For example, if the altitude had lwcn aboub
65,000 feet, the errors would have been about seven times as
great, The Mach number error is also directly proportional ta

Are,as is shown by the dotted-Iine curve for ~=o.5, APO=(I,5,
Po

the ordinates for which are approximately five timca m

great as for the solid-line curve for p=o.6, A,o=o.l.

The lag errors shown in iigure 1lpofor the condition for

‘5=0.5 could usually be ignored if APO=0.1,
h

For m6St

p;actical installations, as shown by figure 8, the use “of
X,-inch insidediameter tubing is required to obtain vrdu~
of XPOS0.1. Higher speeds and altitudes, however, nczca-

sitate corrections or special care in keeping the lag constant
small.

xl@

t

~~

%

$
m

CF

Time. sec

FIGURE11.—Tlme Matory of Mach number error due to lag for reprcs?ntatlva valucJ of Iog
constant during typlud dive oud rwwvery of a Mgh+pwd flghtw atrplar.w.
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METHODS FOR REDUCING LAG

Since correction of fight data for lag ell’ects may involve
considerable labor, the lag constants of the total- and static-
pressure systems should be reduced so that no corrections
are necessary. In order to reduce the length of tubing it
may be necessary to relocate instruments. Photo+bservers
or automatic-recording instruments may be located in a
wing to eliminate a long Iine from a total-or stati~pressure
head. For research purposes separate installations for the
pilot’s indicating instruments and the ins@ments installed
in a photo-observer are often desirable in order to reduce
the volume of instruments attached to one line. Extra
volume in instrument cases may be reduced -with ~em.

For rate-of-climb or glide testing it may be desirable to
make the lag constants of the total- and static-pressure
systems equal. In practical applications it is usua~y neces-
sary to inmease the lag constant of the total-pressure system.
Either Iength or volume maybe added, but additional volume
in the system does not increase the value of T. A quick
check for balance is to appIy a pressure from a single source
to both static- and total-pressure orifices. When this
pressure is suddenly released, the dMerentiaI-pressure
indication is not steady if the lines are unbalanced. Little
or no advantage is obtained by balancing the lines for high-
speed dive tests.

The fact that the increased accuracy that corresponds to
low values of k may be offset by the presence of surges and
tranaiente in an underdamped system must be considered
in the design of airspeed systems. ?Whether a particular
installation is underdamped can be determined by a com-
parison of values of T from figure 8 with va.hms of k obtained
from the product b(~) from figures 8 and 9. The relation
for critical damping A=r (reference 46) maybe written by
use of equations (13) and (22) as

(40)

Systems with tubing shorter than that given by equa-
tion (40) are underdamped; those with longer tubing are
overdamped. The kngth of tubing for critical damping
decreasea rapidIy w.iti an increase in altitude and is 54, 18,
and 4 feet at sea level, 35,000 and 65,000 feet, respectively.
These values apply to XB-inch ineidediameter tubing and
are based on the assumption that v may be neglected. in
equation (40).

Because of the sma.11 values of L. at high aItitudes,
resonant effects are not a problem with the usual airspeed
system, For fliiht at low altitudes, in gusts or turbulent
air, and under landing conditions, critical damping or over-
damping of both total-pressure and static-pressure systems
may be desirable since the correction for lag is then not
complicated by oscillations that are recorded but not present
in the applied pressure.

CRITEBJON FOE AVOIDING LAG CORRECTIONS

A simple measure of the error in Mach number resulting
from Iag errors can be based on equations (33) and (39).
Since the chief source of Iag error in the value of q//p’ as
determined from flight data is the climb term of equations
(33) and (39) and since the number and volume of instru-
ments on the static-pressure line are usualIy much greater
than those on the total-pressure line, bO is much smaller

than kpO. A convenient approximation is, therefore,

!l:
Q+15X10WAP0

() %—=
P’

()

(41)
p–15xlo-%#o –:

The ratio of the climb term to the static pressure determines
il~’-lkf, the amount that the measured Mach number variei -
from the correct Mach number. If the rate of altitude chqge
is expressed in terms of Mach number, speed of sound, and

(dive angle $ )=iUa sh 6 , then from equation (6a) the fol-

lowing relation can be obtained:

Altl<2.15X10-8 : (.JP+5)A30 Bin 6

where a is in feet per second and p is in inches of water.
The error in Mach number depends only slightly on the

absolute value of .M. & average high-speed value of 0.8
may therefore be used. Since this expression for AM ~i~-.——
a maximum vaIue for Mach number error and the effect of——
acceleration is to reduce the magnitude or to change the
sign, the folIovring expression may be written for the maxi-
mum error in Mach number due. to lag during a dive:

.— _

AM<
12a~10-g APO~ ~

(42)

Equation (42) is show-n graphically in figure 12 for a range of
pressure altitude from O to 60,000 feet and for four diflerent
values of dive angle.

A quick estimate of the need for lag correction can be
made as follows: Select from iigure 8 a value of ~ applicable
to the instrument installation. With this value of ~ aull
with maximum values for pressure altitude imd dive angle,
a value of Mach number error AM can be obtabed frorg
figu.fe 12. E this vaIue of AM is smahr than the desired
precision for the contemplated flight-teat program, correc-
tions for la.g may be omitted in the analysis of flight data.
If the value of Mvf is too large and a more detailed analysis
made by using equations (33) and (39) gives errora that are
too large, the lag constants of the system can be reduced. --

PRESSURE INSTRUMENTS

The instruments used in recording or indicating the pres-
sures of a pitokstatic mramgement are subject to a variety of
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mechanical errors, many of which may be Iarge in comparison
with the precision of aimpeed and Mach number measure-
ment that is desirable in research. In this section, the
sources and magnitudes of these errors are discussed together
with methods for their reduction or elimination.

Since the operation of these instruments is based on the
elastic properties of metaI capsules, a main source of error is
the. property of elastic lag common to all stressed materiaIs
that makes the deflection for any pressure change depend on
the magnitude, direction, and rate of the change, as weII as
upon the direction, magnitude, and rate of previous changes.
AI] the effects of this property are defined in terms of the
experiments by which they are measured and are usually
known as hystermis, after effect, recovery, and drift.

@tereti is the difference between the instrument read-
ings for a given pressure cycle when a given pressure is reached
by increasing the pressure and when that pressure is reached
by decreasing it. Linkage friction present must be eliminated
by vibration. The difference remaining immediately upon
return to the initiaI pressure is called after e~eet. The after
effect decreases with time’; this change is called recovery. If
an instrument is subjected to a change of pressure and the

‘x/09
Pressure trliifudv, @, ?f ‘“

(a) Diveangle, 90°. (b) Dive angle, 6!J0.
(o) Dive ar@e, 4&. (d) Dive wgle, W.

FIGURElZ,-Max[rmuu Maeb number error due to lag in dives..

new pressure is held constqnt, the reading of the instrument,
in general, varies with time. This change in reading is calhx.1
drift. The drift is positive if the reading continues to chango
in the same direction as during the pressure change. The
Zocal sentiiin”ly of an instrument is the change in reading
with r.espec.t to-a change in pressure.

Temperature error is the change in the indication of the
instrument due soIely to a change in instrumcnb Mnpcrahu-c.
In instimments not compensated for temperature, the error
is only secondarily due to a chango in size of the parts and is
“the result chiefly pf change in the elastic modulus of the dia-
phraam. material (reference 52). This error in indication is
about 0.02 percent per “F for most metallic diaphragm
mat.eriak. Temperature compensation is built iIIL.(1nmdmn
instruments, and the residual error varies for individual
instruments.

Friction error is the change in indication when the instru-
ment is tapped after a change of pressure in tho absence of
vibration. It is a measure of any binding or sticking of the
instrument parts.

Acceleration error is the change in indication pw g of
accelmation. This error is usually greatest in a direction
normal to the plane of the instrument diaphragm. A spcc.ial
case of acceleration error is sometimes calkd position error,
the difference between the reading of the instrument, when
held in any one position and tapped and the reading at. any
other position, It is a measure of both play in the ports
and static unbalance.

I“ibration error, as considered in the present report, is the
change in reading resulting from a shift in tho midpoint of
the indicator oscillation due to instrument-pancI vibration.
It is evidence of nonlinearity in a system.

Zero @z~t is the change in the zero point of t.hc calibration
due to the gradual release of fiber stress in the diaphragm
material. In a well-made instrument, this effect is small tind
normally does not change the shape of the calibration curve.
With instrument use there may also be zero shift duc to wear
of the component parts.

In inhwment manuaIs the quantity called scale error
usually refers to an over-t-ill measure of both hysteresis aud
the adjustment of the linkage with which the proper relation
between diaphragm deflection and point$r deflection is
secured. By proper calibration the hysteresis and the cor-
rection. for linkage adjustment. can be determined. ScaIe
error therefore is not considered in the aforemcntionwl sense
in the present report.

An instrument is said to be rested if it has, for all practical
purposes, been subjected to no pressure change in the pre-
vious 24 or more hours. An instrument is put into the
cyclic stute (reference 55) by subjecting it to a nwnbcr of
“cycles-(about 5) of pressure change. The magni We of t.hc
cycle defines the range of pressure for which the cyclic state

!

‘axists; The effect of the cyclic state lasts about 1 hour.
Although all pressure instruments for aircraft arc subject

to these errora to some extent, the property of elastic lag is a
more serinus source of error in altimeters than in airapecd
indicators because of the large mechanical multiplication in
altimeters between capsule and pointer deflection.
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THE AIRSPEED INDICATOR

In accordance with the formula by which airspeed indi-
cators are calibrated (see references 10 and 51) a change in
indication of 1 mile per hour corresponds to a change in
impact pressure (sensitivity measured in inches of water)
as given for various indicated airspeeds in the following
table:

-:====+++*+:

The possible magnitude of wrors that may be encountered
in airspeed indicators in service together with methods for
their elimination or reduction is given in table I, which is
based on values from instrument handbooks and speci6ca-
t ions. Although available commercial instruments are likely
to be more accurate than the values in table I igdicate,
careful instrument seIection and calibration at frequent
intervak are necessary if a precision of +0.5 inch of water
is to be achieved in the measurement of differential pressure.

TABLE I.—INSTRUXIENT ERRORS-AIRSPEED INDICATORS

Type Megnftnde Method of correction or elfmfnetfon

1. .-

Hysteresis . . . ..-. 8 mph to03mph.. SeIect instrnroent with low hystereefs.
Frietkm. . . . . . . . . . +2.6mph . . . .._.. - Pmo$ s@cient Lustrument.pmel vfbre-

Pwb~d Up to8 mph perg.- Crdfbrate over
endavnonnt%!%%t%%%%-
Ity to acceleration fs @ ofemalf &plane
emelerat[on.

Temperature . . . . . +2.6rn~Mog~~$ Calfbreteat temperatures ofexpeetedHor
over range of temperature and fntarfm.

Rmdebf.lit y. . . . . . +&!mc~h~!~-..._
fate.

Vlbratfon. . . . . . . . +2.6rnph. _...._. Cheekforexcedre!nst~
tfen;adjmstexpmrratlrneof$%~%
em to fnclude at leset one complete oedl.
18tfrmof needle.

THE ALTIMETER

Mrcraft altimeters are calibrated in accordance w-M the
relation between pressure altitude and static wessure ex-
pressed in standard tables such as those in refer~nce 4 or 10.
Errors of +100 feet or +0.5 inch of water at different alti-
tudes correspond to errora in pressure or altitude, respec-
tively, as shown in the folloviing t able: ,

I 1 1

I Prmnrealtitude, I AP/P
fer M,=*1133 ft for Ap- 1% in. &O

(% (fkercent) . (a) I
+2.%

. *46

*91
*140

“a
1

The possible magnitude of errors that maybe encountered
in sensitive altimeters in service is given in tabIe 11 (adapted
from reference 52).

TABLE 11.—HWiTRUMENT ERRORS-SENSITIVE! .
ALTIMETERS

I Magnitude I
Type

W@Wfoot
altfmetem

Hfitemsh,ft
For 27#XI ft pressue cycIe at l,OCOft/rnfu

-kt !a,lwlft . . . . ..---. ._._. _________
Atl!@l ft.____________________ %?

FMW)ft devfatferrg from aea lem!l________ 30
Drift at 2ZJXPIft, ft

In 20w----------------------------------- 26
Fmm 20 see to 10ti------------------------- 15
I?rem 30wc b 6 ti-.-.-.----—_—___---- a

After etit fi-----------------------------------

‘ms:&f&=c ------------------------ ;
Dnrfng 1b----------------------------------
_ 6 d--------------------——-—–– “
Durfns 21&~------------------------------- %

Frfotion and vfbratto ft------------------------
Zero etdfh in K1&m%--..---_------.-_--_--_ ‘pYlo-
Reodabilfty, ft----------------------------
Acderatfon, ~f------------------------- up %6*10
Temperature

At s?a leve~ f~F-----------------------------
At au altftnde above 5,@Ylft, f~ft “F.. ______ X?%5

.
The elastic-lag errors in table II are based on unpublished

results of tests at the ~at.ional Bureau of Standards; in these
tests pressure and ‘deflection are measured without i&errupt-
ing the change to make the measurement, thus conditions of
actual use are more nearly realized. The hysteresis errora
are about twice as large as ccxpected on the basis of previous
test methods. The values of hysteresis, drift, after effect,
and recovery are based on the average of four rested altim-
eters of each of the two altitude ranges for a pressure cycle
of 32,000 feet at 1000 feet per minute, with a drift period
of appro-tiately 5 hours at 32,000 feet. These values are
given to show order of magnitude and should not be used, as
corrections since individual instruments ma-y “show irregular
departures horn the average of as much as 35 percent.

For precision airspeed measurements and especially in
flight calibration of airspeed installations by fly-by methods,
utmost care is both essential and justfied in the preparation
and use of altimeter calibrations.

Temperature error may be eliminated by selection of a
a temperrtture-compensated inst rument with very small
residual error. Except for elastic-kg effects, most of the
mrora can be readily allowed for or can be reduced by care-
ful instrument adjustment and selection.

Since elastic-lag errora depend so greatly on previous
instrument history, a calibration can be used with more -‘-”
confidence if there is a similarity between conditions of use
and of calibration. E a rested instrument is used, successive
hysteresis loops will not be identical, and calibrations can be
obtained accordingly. Site the hysterwis, drift, after effect,
and recovery, in general, increase with the range” of presiure
change, the range of the calibration can be adjusted to the
ma-ximum pressure altitude of any planned flight or series
of fights. E and changes in altitude imli.cati~g twe impor-
tant, as in runs past a reference landmark, a special calibra-
tion should be made since for small changes. in pressure
individual altimeters often exhibit marked variations ii
local sensitivity. If the altimeter is in the cyclic state both
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for calibration and flight test, hysteresis can be reduced
about 50 percent and after effect, about 75 percent. (See
reference 55.)

For some purposes measurements of pressure altitude
must be converted to true altitude. True altitude can-be
derived from pressure altitude if corrections are made for
ground temperature, departure from the constant Iapse
rate, moisture content of the air, and the mean local value
of gravity. Methods of making these corrections iire out-
lined in reference 55.

NACA LNSTRUMEN’L’S

The pressure-recording instruments used at the labora-
tories of the hTACA are much like those shown in ~ure 23
of reference 51, except that a corrugated metal capsule has
been substituted for the stretched diaphragm. The capsule
deflection is multiplied by a stylus-hairspring-mirror arrange-
ment and readings are made of the record of a light trace on
a moving photographic film. A wide range of sensitivities
is availabIe, so that the instrument range can be adapted to
the maximum pressure to be merwred. MultipIo-mirror
instrument are available to expand the scale. The pres-
sures in two or more cells may be recorded on the same film.
A reference line is recorded on the film by means of an aux-
iliary fixed mirror which eliminates shifts in the iilm drum
as a source of error. Several instruments are correlated by
means of a the signal recorded on each fihn. The natnrd
frequency of the mechanical parts is 100 cycles per second
or more so that inertia effects maybe ignored. Hysteresis&
made small by selection of capsules with favorable elastic-
lag properties. Temperature-compensated instruments are
available. By individual calibration of each capsule in in
airspeed installation, errors from hysteresis, temperature,
and acceleration eiTects may be either made negligible or
allowed for in evaluating data.

TEMPERATURE MEASUREMENTS

Temperature measurements are essential in the conversion
of pitot-static pressure data to true airspeed. Since iustru-
rnents which measure directIy the true free-air temperature
in flight are not available, this quantity must be computed.
The accuracy of the result is governed by the accuracy with
which the rewvery factor of the temperature probe is known,
the accuracy of the Mach number, and the calibration of the
indicating or recording instrument. In this section the
sources and magnitudes of errors and the evaluation of
temperature data are discussed.

SOUECES OF ERROR

Important sources of error in free-air temperature measure-
ment are:

(a) Variation in the recovery factor of the temperature
probe due to the incomplete conversion of kinetic energy
into thermal effects as tiected by

(1) Probe design
(2) LocaI velocity
(3) Local angle of flow
(4) .Free-streani veIocity

(b) Errors due to lag
(c) Ei.rors of the measuring apparatus caused by

(1) Temperature effects on springs, rwistmmes, bearings,
and magnets

(2)” Acceleration error, zero shift, vibration error,
friction error, and hysteresis

(3) Electrical effects such as changes in voltagc, conttic~
or lead resistance, and local magnetic field

(d) Radiation to or from surroundings or sun
(e) Conduction to or from surroundings
Other errors such as those due to heating caused by

electric-current flow, probe contamination, and so forth aro
ge.neralIy small and maybe neglected.

Velocity effects,-sources of wror due to velocity ~ccts
may be the largest and most diflicult to remova by calibra-
tion. As shown by a number of investigators, thu Lcmpww-
ture T’. indicated by a thermome~w in a gas stream of
relative velocity ~“is larger than the Lruo free-stream temper-
ature ~. For a thermometer that brings tho air. to rmt at a
stagnation point without heat transfer the indicated tempma-
ture is the total temperature of the gas T~ nnd the tlwr-
mometer registers the full adiabatic rise:

Equation” (43) is not limited to ill= 1.0 bu~ is applicnlh 10
supersonic flight speeds.

Thermometer probes of the stagtlation type have bcwl
developed that register the fti adiabatic rise, or very nearly
aIl of it (references 65 and 80). Many of the thermometers
in nse on aircraft, however, arc not of the stagnation Lypc.
On the b.a.sisof theoretical considerations refercmces 62 and 71
show that for laminar flow over a thin plate purallel to LLO
air stream, in which case the air is brought to rest by friction
at the plate surface, the temperature rise is, to a closa
approximation,

(44}

The Prandtl number Pr has a theoretical valuo of ~5Q

For air under standard conditions (7= 1.4), Pr= 0,737 and
equation (44) can be written

Tf– T= O.858 ~ V’=0.858(0.2Til@ (45;

Within the limits of experimental error, equation (45) is
confirmed by wind-tunnel tests (references 69 and 80) as
applicable to an object of small diameter such as a Ther-
mometer bulb parallel to the air stream under conditions of
a Iaminar boundary layer. When temperature ia measured
in flight, however, the numerical factor in equation (45) may
be subject to considerable variation. In order to havo a
convenient basis for comparison, a temperature rccovcry
factor K based on equations (43) and (44) has been defined as

K=.= (46)
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The temperature recovery factor is a measure of the ability
of a particular probe, under particular conditions of flow-, to
cleveIop the total temperature of the gas stream. VaIues of
Kbetween 1.0 and 0.3 have been reported for different probes,
high values applying to those of the stagnation type. Ite-
ported va.hws frequently show a variation with velocity, and
wind-tunnel values may difler from VEIIUWdetermined in
flight. The reason undoubtedly Iies in one or several of the
factors in the following discussion.

For probes of the pIate type, the theoretical value of
K= (F’r)’l’, which should be nearly independent of speed and
atmospheric conditions, is only applicable to conditions of
laminar flow. The results of theoretical calculations (refer-
ence 70) show that for turbtient flow, Re>5 X 105, K in-
creases with Re and is between (Pr)112 and 1.0. (This result
is applicab~e to the temperature of a wing or fuselage in
fLight, as is shown in reference 66.) When K is a function of
Re, itvdl vary with both speed and altitude. For cylimh-i-
cdy shaped probes mounted transversely to the air stream
(referamma 63 and 70), there am large variations of local
velocity over the probe, and K varies between 0.56 and 0.83.
The minimum value occurs when a local Mach number of 1
is reached at the cylinder surface (about ill= 0.5) and is due
to the effect of shock. Because the variation in K is Iarge,
transverse mounting of temperature probes is not suitable
for high-speed fight. In supersonic flow, plate-type probes
would be in a region influenced by shock, and the value of K
would be expected to difler from that at low speeds. Local
variations of the velocity field about an airplane may be
quite large and can cause an apparent variation in the value
of L’, since local temperature changes in this field take place
with full adiabatic efficiency but the change from kinetic to
thermal energy at the probe does not. Apparent variations
may also be caused by radiation effects, local sources of heat,
and chnges in airplane configuration.

Prob= of the stagnation type, with housings shaped like
convent ionaI total-preaeure heads, show a variation of K
-with angle of flow and ratio i/D sirnikm to the variation of
total-pressure defect with angle of flow. (See @. 2 (a).)
Such probes are, however, little subject to apparent changes
in the value of K due to Iocal variations in the veIocity fleId.
Radiation and conduction errors may be made smaller and,
since these probes measure total temperature, the measure-
ment is not affected by shock.

Lag errors,-Temperature measurements in flight under
conditions of changing temperature indication, as in a dive
or sudden change of speed, are in error by an amount
determined by the Iag constant of the thermometer. The lag
constant may be defied as the time for a suddenly appIied
temperature difference to faU to 36.8 percent (l/e) of its
initial value. Because most thermometers are of composite
construction and some pints take longer to reach their fial
temperature than others, a value of 1 percent of the initial
value is sometimes given, but 36.8 percent is used in the
present paper because of its correspondence with the va.Iue
used for pressure lag in the section entitled “Determinant ion
of Lag Constant by Expetiental Methods.”

Theoretically, temperature data may be corrected for Iag

on the basis of a reIation analogous to equation (15). (See
reference 42.) In practice, except for small thermocouples
under carefully controlled conditions, the correction is com-
plicated not only by the correction for speed (equations .
(43), (44), and (45)) but also by uncertainty in the value of h
which is a function of K k shown in references 59, 61,
and 68, h may be considered to vary directly as the effective
volume, density, and specitic heat of the thermometer
materials and inveraeIy as the exposed area and surf~ce
heat-transfer ccwfilcient h between the gas and the probe.
& shown in reference 74, for turbulent flow of air transverse
to a metal cylinder, an average value for h can be written
in the notation of the present report as

~=0.26 (Re)O-’(I%)’s

A similar reIation applies for flow paraIIel to streamline
shapes. Over a wide range of Re the exponent 0.6 can be “-
expected to vary; thus, to a fit approximation for a limited L
range of temperature

(47)

where L is a-constant for the partictiar probe concerned and
n has a vaIue between 0.35 and 0.85, this vaIue averaging
about 0.6 for a range of ~e from 1,000 to 50,000.

Thermometers of the plate type will usually have lower
values of h than the stagnation type and are therefore corn- “’
monIy used in applications where Iow Iag is important. “The
common metal-to-metal contact bet ween the probe and the
metal parts of the airplane should be eliminated. An idea
of the order of magnitude of the errors in temperature
measurwnent due to lag may be gained from unpublished
tests at the Langley Laboratory; these tests indicate that for.
a resistance-type cylindrical probe, of a sort commonIy used”
on airplanes, mounted transvemely to the air flow the value
of h is 13 seconds at 350 miles per hour at sea level. Such
a probe would be useful therefore only for determining tem-
peratures under steady conditions.

Other errors, —Failure to provide adequate radiation
shiekling can cause a thermometer to read as much as 6° F
to 8° F too high. (See reference 75.) The shield should be of
highly polished metal, unpaiuted, insulated from the bulb,
and may well be incorporated in a ventilated housing for the
conventional resistance bulb or other temperature sensitive
element. Itadiation shielding is of 1sss importance when an
underwing mounting is used since sunlight strikes the bulb
only when the sun is near the horizon. The effect of solar
radiation may vary for fLight into and away from the sun
and with the intensity of the radiatiom The effect is smaller
at high speeda or high atmospheric densities.

Fluctuations in the free-air temperature are frequently large
at any one cdtitude below 20,000 feet, although their exist-
ence may be masked by the lag of instrument installations.
At 5,oOO feet, variations of 5° F have been observed in one
locality, the variations dropping at 10,000 feet to 2° F.
These variations can be a source of error in calibration and in
temperature data drawn from temperature-altitude surveys.
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In electrical methods a milliammeter is used to measure
the degree of unbalance in the bridge circuit. The possible
existence of errors b this measurement due to changing
voltage supply, cockpit temperature, or acceleration should
be checked by Calibration since the rated scale error of even
a weILdesigned instrument may be as much as +2 perc%nt
of the midscale absolute. temperature.

LOCATION OF TEMPEEATWE PROBE

Most of tho considerations governing the proper location
of the total-prwsure head also apply to the temperature
element. If a probe of unit recovery factor is avaiIable, an
underwing position free from the effects of slipstream, engine
e.xhauat, and de-icer heating is satisfactory. If the recovery
factor of the probe is leas than unity, departures of the local
velocity from the free-stream value should be reduced by
mounting the probe well in front of the leading edge of the
wing. If direct indication, as with a bimetallic probe, is
needed, the front tip of the nose of two- and four-engine
airphmes is usually a satisfactory location. ‘

Whatever the location selected for the thermometer probe,
more accurate values of free-air temperature can be ob-
tained if a value of recovery factor. K is used which has been
previously obtained by a. flight calibration under conditions
of use, as outlined in the section entitled ‘fTemperature
Installation.”

EVALUATION OF FREE-AIR TEMPERATURE

If the recovery factor is known, the true free-air tempera-
ture may conveniently be determined from flight measure-
ments of Mach number and indicated temperature by means
of the chart (fig. 13) that is a graphical solution of equation
(46). If true airspeed is required, the indicated temperature
and Mach number may be used directly in the equation:

(48)

for which the solution is given in figure 14.

FLIGHT CAL1BRATION OF AIRSPEED AND TEMPERATURE
INSTALLATIONS

In the previous sections, material has been given con-
cerning the errors which may be present in the detenninat ion
of airspeed by pitot-etatic arrangements Some of the
sources of error encountered are inherent in the instruments
and may be eliminated or allowed for by instrument selection
and calibration. Although the errors caused by lag cannot
be entirely removed by these means, a method has been
given for making corrections when such corrections are
necessary. There remain, however, possible errors in both
the total and static pressures due to the location of the
pitot-static device in the field of flow. These errors can
best be determined by flight tests. Siiace the field of floi
about an airplane varies with angle of attack and Mach
number, the errors in both total pressure and static pressure

v~ with the magnitude of thee quantities. %niiar cmdi -
tions apply to the determination of true temperature from
the value of the temperature recmwry factor and Jfach
number.

AIIL9PEED INSTALLATION

Methods used to calibrate ai~peed installations may be
~vided into groups which maybe 100SCIYtermed:

(a) The speed-course method in which tinm to cover a
given distance is measured

(b) The suspended-head method in which readings of thg
airspeed system under calibration are referred to thoso of a
suspended static or pitot-static head which is tither free
from errtir or has known errors

(c) The pacing method in which the airplane with the
instaIIat,ion to be calibrated is flown in formation with onc
whioh has an airspeed installation already calibrated by
method (a), (b), or (d)

(d) The altimeter method in which errors are determined
from the difference. between recorded and known pressure
heighta

Some advantages and disadvantages of each of these methods
have been discussed and the methods described in detail in
reference 92, The speed-course method is simple when used
near the ground but is hazardous under these conditions,
particularly at speeds near the stall. The range of calibra-
tion is limited by the top speed in level flight. Attempts to
reduce the hazard of the speed-courso method by ksting at
higher altitudes generally necwsitate the usc of elaborate
timing ggd tracking methods. Corrections for wind and
deviations in cuurse are necemary and the airspeed obtained
is, at best, only an average value.

The suspended-head method (references 85 and 9L?] is
more accurate than the spe.ed-course method and is especially
applicable to stall testing. It is the preferred method for
10VVand medium speeds but the obtainable rango is limited
by instability of the trailing head. For the NACA trailing ‘“
airspeed head this limit is about 275 miles per hour. Bccauso
of pressure lag in the long connecting tubing the method
is not suitable for maneuvem. For single-seat airplanes an
automatic reel that simplifies the handling problcm is
available. This method may bc used to obtain a direct
measurement of the errors at the total- and static-pressure
openihg-% Instruments of high sensitivity may be used for
this measurement; thus, results of high precision are given.
The induced velocity in the field beneath and behind the
airplane must be allowed for when a suspended total-
pressmrhead is used. Tests should be performed in stable,
smooth air to avoid errors caused by turbulence ancl wind
gradienta.

The pacing method is relatively simple and removes the
hazard of low-level flying. The calibration is less accurate,
however, than the calibration of the reference airphme; the
speed range is limited by the speed range of the reference
airplane; and the practical difficulties increase when attempts
are made to increase the speed range of [he calibration by
performing dives.
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Because of the tide applicability of the altimeter method,
especially at high speeds, the remainder of this section will
be confined to a description of this method, and its variations,
for the determination of errors in the total and static pres-
sures. The altimeter method may conveniently be sub-
divided into four principal variations:

(1) Fly by a reference landmark. This variation is
inherently simplest and most accurate, requiring measure-
ment of the fewest quantities, but is limited to the speeds
of h)Vd flight.

(2) Fly by a reference airplane. The possible hazard of
flight near the ground is eliminated, and the calibration can
be made at higher values of Mach number.

(3) Dive by a reference airplane. Calibration at speeds
up to the terminal velocity of the airplane is possible, but
elaborate instrumentation is reqnired.

(4) Establish reference tdt,itude by radar. Calibration is
possible at values up to the terminal velocity and at lift
coef6cienk associated with high accelerations.

Each of variations (2), (3), and (4) is dependent on the
existence and precision of a basic calibration secured by
flight. past a reference hmdnmrk (variation (1)) or by some
other method. At the ILangley Laboratory variation (1)
is used, supplemented, when necessary, by a combination of
radar and photo theodolite (variation (4)).

Since errors in total and static pressures vary with the
field of flow, for a given installation-that is, airfoil section,
type of head, and location of head—the error would be
expected to vary with Mach number and lift coefEcient or
angle of attack. A complete @ht calibration for experi-
ment al purposes therefore invoIves detwmination of the
errors throughout the maneuver envelope. A more Limited
but frequently adequate calibration consists only of calibrab
ing in steady flight at 1 g. Position of flaps, landing gear,
and movable mrnament, the power-on and power-cdl ccm-
ditions can each make enough change in the lift chiractmistics
of the wing to necessitate special calibration under some
conditions.

Since the purpose of an airspeed calibration is to provide
a means of correcting data obtained in flight, it is des.irable
to determine the pressure errors in a ratio form to be used in
the foIIovring equations:

/
True ~~Measured

.
Total

P
Static

impact impact pressure p:~ee
pressure pressure . defect

P ()
Ap. P’ – ~ k’ (50)

“ True ‘ = ‘ Static ‘ %feasured
static static p~re:~ impact

pressure pressure pressure

Measured vahms of total-pressure error M and static-
pressure error Ap are correlated by plots of’ total-pressure
defect ~fql and static-pressure defect Ap/g[ as functions of
airplane lift coefhcient C. with uncorrected Mach number
as a parameter. The correct values of Mach number, true
airspeed, and dynamic praxwre may then be determined by
inserting the values of gc ~nd p as obtained from equations
(49) and (50), respectively, into appropriate equations such
as equations (2), (4), and (5), or by using the convenient
tables and graphs given in reference 10.

Total-pressure error, —The total-prwmre error, in general,”
is small and may usually be neglected. The necessity for a
calibration of this error can usuaLly be determined from a
tiual inspection of the pitot tube to determine: (a) the ratio
of impact orifice diamet= i to tube diameter ~~ (%) the
possible angle of flow relative to the tube, and (c) whether
the tube is located in a region where energy changw are
introduced by shock or the slipstream. When, on the basis
of equation (10) and @re 2, a calibration is deemed neces-
sary, it is most conveniently performed by balancing the
tube under calibration against one which has negligible error
and by measuring the pressure difference. A tube with
negligible error is one such as is described in refa-enc.e 19
mounhd on a boom at least % chord in front of tha airfoil
and parallel to the airfoil chord. In the absence of a shielded
total-pressure head, a tube with a Iarge ratio i/~ or a con-
ventional pitot-static tube on a free-swivel mount such that
the tube faces the relative wind may also be used, but
stability at high speeds is dMcult ta achieve with this latter
arrangement.

The instrumentation required in determining total-pressure
error is relatively simple as it invoIves only the measurement
of acce~eration, altitude, and impact pressure in addition to
the total-presmre diflerenc.e. The flights required consist
of a series of steady turns or slow pull-ups at vmious speeds
in order to cover as wide a range of lift coefficient as possible: -

Static-pressure error.— The principal error in most pitot-
static installations is due to pressure defect at the static
openings. h accurate static-pressure system depends,
therefore, on a static-pressure head which does not introduce
serious or indetmnin.ate emom over the range of Mach
number for which ilight is contemplate ed. Siice the geometry
of the head influences to so great, an extent the maggitude-.. .—
of the static-prwmre defect, this information shouId ahvays
be determined for a new design by wind-tunnel tests, and the
heads should be so installed that unnecessary chanjges in the
calibration me not introduced by mounting studs, screws, and
so forth.

The altimeter method of det erminhg static-pressure defect
is fundamentally a method in which the defect is determined
from the ditlerence in static pressure measwed at the static
oriiices and the known pressure at a point of refereh~e oiiiiide
the pressure field of the airplane, which reference point the
airpIane either flies by or dives by.
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The essentials of the altimeter method are illustrated in
figure 15. A point of reference ia established by an airplane
of either known or unknown airapead calibration that is
flying at a slow constant indicated airspeed Vfl and at

constant value of indicated pressure altitude p’- In generaI
this reference airplane has a static-pressure defect at the
static orifices, so that although the instruments show a
pressure altitude h’ ~, corresponding to the static pressure

p’,, the airplane is flying at a true pressure ahitude hP,

corresponding to ptr— Apr. The airplane to be calibrated is
fist flown in formation with the reference airplane and the
readinga on both altimeters as we~ as the distance. of the
airplane above or below the reference airplane are noted.
After this initifd run tho airplane ia flown past the reference
ah-plane at increasingly higher speeds (Vz, Vs, . . . VJ
and instantaneous notations or recordings are made in both
airplanes of pressure altitude, observed reIative heights,
differential pressure q: (indicated airspeed), and acceleration
n. The altitude differences obtained (h’,–h’p,)~ and

(h—h,] m, are converted to pressure errora Ap~ and Ap~,
by means of the equation

Ap= —pg Ah (51)

For altitude differences obtained from altimete~, P is the
density of the standard atmosphere at the indicated pressure
altitude; whereas for observed altitude differences, p is the
density applicable to the pressure and temperature condi-
tions of the test. The value of p may be approximate.
men the pressure error ‘of the reference airplane ApT is
known from a prior calibration, the required stdic-preesurc
error Ap may be obtained directly from the equation

Ap=Apr+Ap~— ApOb, (52)

where the signs are consistent with the definition of error
used in the present report, as shown in figure 15.

If Ap,, the error in the reference pressure, is not hmown
by prior calibration, it may bc determined from at lewt
one known point on the calibration curve of the airplane
being calibrated; such a point can be established by flying
past a landmark such as a tower of known pressure height.
Accuracy is improved if several runs past the Iandmark are
made at the same or at diflerent speeds through the range.
Alternatively, if it is not desirable or possible to fly the
airpkme being calibrated past the Iandmark, the reference
airplane may be flown past at the same indicated speed
17$ that was used in the calibration and Ap, determined

from the difference between indicated and true pressure
height. Accuracy is sacrificed when this latter means is
adopted.

In figure 15 and equation (52) when the fly-by reference
altitude is established relative to a fixed landmark, or what
is easentitiy equivalent,. by some triangulation method as
with the dual sighting stand (reference 92), the pressure

a.Ititude of the reference maybe considered as known and tho
value of Ap~is zero. lf a captive baI1oon of known pressure
height ~were used, Ap, would also be zero.

Sinc6 the value of Ap/~C estabkhed by the altimeter
method is dependent on the precision with which prmsuro or
aItitude differences are observed, the following equation may
be detived from equation (51) and the definition of q:

In order to establish a value of Ap/q (or A~/g@)with a pre-
cision of &O. 01, therefore, the altitude difference U at
~Mach numbers of 0.1, 0,3, 0.7, and 1.0 must be estubliehed
to +2, +20, +-10.0, and ~ 200 feet, respectively, at sea ]cvel.
These values would be, decreased by 25 pcrc.ent at al~itudes
above 35,OOO feet, Since tho altimeter method is limited
@ the Iower speed range, at the LangIcy Laboratory better
results have been secured when photo-observers wcro used
to record altimetir readings and the relative heighL of
airplane and reference landmark.

The procedure outlined in connection with figure 15 is
pa.rtictdarly adapted to tests in which ctdibrutious aro re-
quired only in the Iift-coticient range aasociat.ed with flight
near 1 g. V?hen calibrations outside this range of lif~
coef%cient at high Mach number are dcwmxl necessary, the
Langley Laboratory has used a combination radar-photo-
theodolite method to establish the preaaurc height vtiriation
during @ibration maneuvers. In this method, records arc
taken on the ground of the range measured by the radar unit
and tlm elevation angle of the airplane measured by the
phototheodolite in order to determine the geometric hrighl
during a cons.t.ant-speed climb or glide over a range of alLi-
tude. Simultaneous values of pressure aItitude, ac.cclwat.ion,
andindicated airspeed are obtained in the airplane, correla-
tion being secured by means of a radio signal, From these
data a curve of the variation of airplane prmsurr hcighL with
radar height is established for the particular indicated air-
speed of the climb. After the consllantipeed climb or glide,
dives, pull-ups, turna, or pull-outs are performed to cover as
much of the maneuver envelope as may be required. During
the mammvera, simultaneous records are made at the ground
and in the airplane, and the records arc corrdatccl by mrans
of the timing impulses transmitted from the airplane.

The pressure difference (A~~ of fig. 15) is determined from
the difference between the pressure altitude recorded during
the maneuver and the prcmure altit.ucle which wm rccorclcd
in the chnb for the particular height indicated by the ground
station. The pressure difference at the rcfercncc speed of
climb Ap~ is deteAned by a subsequcn Lfly-by test or other
tests considered adequate. The radar is thus used to cslab-
Iieh the reference height rather than true airspeed so thut
wind velocities need not be taken into ticcount. An example
of the use of radar in establishing R rcfwencc height is giwm
in reference 94.
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The accuracy obtainable with the particular modification
described is at present better than that obtained in flying by
a reference airplane rind about as good as that obtained in
flying past a reference landmark, In order to obtain this
accuracy, however, corrections for pressure lag, acceleration
effects on instruments, the curvature of the earth, and refrac-
tion effects in the optics.1 path are sometimes necewiry in
establiahing g~metric height. Care must be taken to have
the radar scales horizontal. With corrections taken into
account, the slant range is known to within +15 yards and
the elevation angle to about $4 milt At a range of 10,000
yards, the total error in height is limited to approximately
+20 feet, which is equivalent to a pressure error of about 0.2
inch of water at an fdtitucle of 10,000 feet.

TEMPERATUREINSTALLATION

The calibration of a temperature installation consists,
essentially, of the determination of a temperature-recovery
factor K as defined by equation (46). If the error in true
airspeed determination due to temperature error is to be
less than + Z percent, the temperature measurement must be
within +2° F or about K percent of its absolute vrdue.
(See equation (8).) This specification requires that for
high speeds the recovery factor K and its variations with
iviach number and lift coefficient be established to an
accuracy better than + 5 percent.

The flight procedure for calibrating a temperature installa-
tion is similar to that for calibrating an airspeed installation
by the aItimeter method; in fact, the caIibratione may be
made at the same time. An adequate procedure in most
cases consists of flying the airplane being calibrated past a
landmark at a series of speeds and either noting or recording
tbe temperatures at the instant of passing the reference
point. In the first series of tests the fly-by’s should be
made at the same heading (preferably a-way from the sun)
and in as small an elapsed time as possible. Some fly-by
runs should be made, if possible, on a heading such as to
obtain the maximum effects of solar radiation. Enowledge
of radiation effects may be required subsequently in evklu-

ating data.
The true temperature at the landmark is obtained from a

calibra.ted tempcmture installation shielded from soIar
radiation, such aa the st anclard weather shelter (Stevenson
screen). Small corrections are made to this temperature
in order to account for any diiYerences in height between
the landmark and the airplane as it fies by. If a calibrated
temperature installation is not available, 2’ may often be
determined by a plot of T’ against ill’. Equation (46) shows
that for constant values of ~ and T such a plot should be a
straight line, which when extrapolated to .ikf= Ogives the true
free-air temperature to be used. The differences between
recorded airplane temperature and the corrected landmark
temperature are then plotted against the quantity 0.2 TM.
The slope of this curve represents the recovery factor; the
difference between two curves obtained for headings into

and away from the sun is a measure of the cffcc~ of solar
radiation. A considerable variation of slope along tho
curve may signify that the recovery factor varies with
changes in the flow-~eld pattern, in which case a mom
complete calibration with Mach number and lift coc~lcicnt
as variabks may be required.

LANGLEY hlmomu AERONAUTICAL LA BOR.4TQRY,

NATIO~WAL ADVISORY COMMITTEE FOR AERONAUTICS,

LANGLEY FIELD,VA., i’day 16, 1946.
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